Genetic linkage maps of molecular markers have facilitated the identification of quantitative trait loci (QTL) for economically important traits in a variety of cultured fish species (Tao and Boulding 2003 , Cnaani et al. 2004 , Reid et al. 2005 . In rainbow trout, several QTLs have been identified for disease resistance (Palti et al. 1999 , Ozaki et al. 2001 , environmental stress tolerance , Perry et al. 2001 , and spawning dates (Sakamoto et al. 1999 , O'Malley et al. 2003 . In tilapia, QTLs for sex determination and stress response have been identified in several different species , Lee et al. 2004 , Cnaani et al. 2004 .
The next obvious goal is to identify the causative genes underlying these QTLs. By identifying these genes, and studying their function, we will gain insight into the physiological mechanisms underlying traits such as growth rate, salinity tolerance, and disease resistance. Identification of the genes also lays the groundwork for marker-assisted selective breeding to improve commercial stocks.
Positional cloning to identify the genes underlying QTL is still a very challenging task, and requires a convergence of three genetic resources. The first of these is a large population segregating for the QTL. Fortunately, most aquaculture species are fecund, and rearing large F2 or backcross families is not difficult. The second resource is a collection of closely spaced molecular markers to allow fine-scale genetic mapping of the QTL. These are typically microsatellite markers, but increasingly single-nucleotide polymorphisms (SNP) are being used. The third essential resource is an ordered collection of physical clones, or even better, the DNA sequence, spanning the region containing the QTL. Because research funds are finite, it is not likely that complete genome sequences for the great diversity of fish species used in aquaculture will be available soon. Only a few biomedical model species (e.g., Fugu, Tetraodon, Oryzias, Danio) have been sequenced to date. Even if genome sequencing is initiated for important aquaculture species, it will likely progress only as far as a relatively incomplete draft assembly. For the foreseeable future, genome resources for these species will be limited to moderate density genetic linkage maps of microsatellite markers, and physical maps based on restriction fingerprints of large-insert bacterial artificial chromosome (BAC) clones (Table 19 .1). Nevertheless, even with this minimal set of resources, it should be possible to positionally clone genes for important traits.
Positional cloning is the process of mapping QTL to ever-smaller regions of the chromosome until the causative gene is identified. Each time the region is narrowed; new markers are identified and mapped, until a continuous path of clones or DNA sequence are identified across the region of the QTL. Experiments then can be designed to test the effects of mutations in particular genes within the region. Because of the large size of eukaryotic genomes and the typically low rates of recombination within a particular interval, positional cloning can be challenging and tedious. The speed at which a positional cloning project 'walks' along a chromosome can be enhanced significantly through comparative mapping. Teleost fishes are a closely related group, so comparative genomics can provide some insight into genome content and structure of species that have not been sequenced. Conservation of gene order among fishes at scales of several megabases (Mb) allows us to use the relatively complete sequences of model fish species to accelerate gene discovery and positional cloning of economically important traits in cultured fish. Figure 19 .1 shows the phylogenetic relationship of important aquaculture species relative to species with sequenced genomes. Creative bioinformatics approaches allow us take advantage of the genome sequences of Fugu, Tetraodon, and Danio to predict the sequence of genes in unsequenced species such as catfish, rainbow trout, and tilapia.
This chapter outlines a general strategy for leveraging the genome sequences of model species to infer the gene content of QTL regions in aquaculture species. Our focus is on tilapia, one of the most popular fish in aquaculture, for which extensive genetic linkage maps and physical maps of fingerprinted BAC clones have been developed. Using these resources, we demonstrate the development of a comparative map across a region contributing to sex determination in the Nile tilapia (Oreochromis niloticus).
Genetic Linkage Maps as Resources for Comparative Mapping
Genetic maps containing a few hundred polymorphic markers provide a starting point for determining the chromosomal location of cloned genes or markers (see Chapter 10), and are also used as a framework for QTL analysis (see Chapter 11). Several linkage maps of amplified fragment length polymorphism (AFLP) and microsatellite Kumar and Hedges (1998) and ongoing work by Miya and colleagues (2003) .
DNA markers have been developed using intra-and interspecific crosses among tilapia species (Kocher et al. 1998 , Agresti et al. 2000 , McConnell et al. 2000 . The most recent map is based on the segregation of 525 microsatellite and 21 gene-based markers in an F2 cross between O. niloticus and O. aureus. This map spans 1131 centiMorgans (cM) in 24 linkage groups, and has an average marker spacing of 2.4 cM (Lee et al. 2005 ).
Expressed Sequence Tags as Resources for Comparative Mapping
Sequencing of complementary DNA (cDNA) clones to generate expressed sequence tags (EST) is the most efficient method for gene discovery. ESTs are good anchors for comparative mapping because the homology of particular sequences among species can be readily assessed through sequence analysis. ESTs are also readily included in genetic linkage maps by identifying SNPs or microsatellites in the ESTs. Microsatellite markers developed from EST sequences are particularly useful because they serve as both highly polymorphic markers for genetic mapping and highly conserved markers for comparative mapping. Because they are located near genes, the sequences flanking the microsatellite are highly conserved, making it relatively easy to recover the homologous sequences from related species by PCR amplification. For these reasons, microsatellites associated with ESTs have become a favorite marker for comparative mapping among fish species (Serapion et al. 2004 , Rexroad et al. 2005 .
Although relatively few tilapia ESTs are available in the public databases, large numbers of ESTs have been developed for closely related species of haplochromine cichlid from East Africa (Renn et al. 2004 , Watanabe et al. 2004 . Because these species diverged from the tilapias only about 20 million years ago, they provide a rich source of sequence information for tilapia genomics.
BAC Libraries and Physical Maps as Resources for Comparative Mapping
Libraries of large cloned fragments, contained in bacterial or yeast artificial chromosomes (BAC or YAC), are useful for constructing the physical resource of cloned DNA spanning a particular gene or QTL (see Chapters 13 and 14). Several high-quality BAC libraries have been produced for tilapia (Katagiri et al. 2001) .
A BAC-based physical map of the tilapia genome has been developed by characterizing the restriction fragment fingerprints of about 35,000 BAC clones (Katagiri et al. 2005) . Overlapping clones were identified from the fingerprint data using the computer program FPC (version 6.0). This physical map consists of 3,621 contigs of overlapping clones, and is estimated to span a total of 1.752 Gb in physical length (Katagiri et al. 2005) .
Several methods are available to create physical maps at larger spatial scales. Methods for mapping cloned DNA to chromosomes by fluorescent in situ hybridization (FISH) are well developed for tilapia, as described in Chapter 17 (Harvey et al. 2003 , Ezaz et al. 2004 . Radiation hybrid maps (see Chapter 18) are also very useful, but a radiation hybrid panel is not yet available for tilapia.
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Identification of BAC Clones Containing Genetically Mapped Markers
To relate the genetic and physical maps, it is necessary to screen the BAC libraries for clones containing genetically mapped markers. We have used two methods for screening the BAC libraries.
The first method uses PCR to identify clones containing a particular marker sequence. Rather than test each clone separately, the BACs are pooled in various ways to reduce the number of PCR reactions required. Pools were constructed from a total of 24,000 clones that provide approximately 2ϫ coverage from the two tilapia libraries with the largest inserts (Katagiri et al. 2005) . These clones are stored in 252 96-well plates, and the initial step in pooling was to pool the clones from each row and column. The row pools were then pooled to produce a single pool for each plate. Groups of 25 plates were arranged in a 5 ϫ 5 matrix, and 'super-row' and 'supercolumn' pools made from the plates in the rows and columns of this matrix. Finally, 'superpools' were constructed from the 25 plates in each group. These pooled DNAs allowed us to identify positive clones with a sequence of just four cycles of PCR screening. We first screened the 10 'superpools' to identify which groups of 25 plates contained the marker. We then screened the 'super-row' and 'super-column' pools for those groups to identify the particular plate containing the marker. Next, we screened the row and column pools of a single 96-well plate to identify the positive clone. A final round of PCR confirmed the identity of the positive clone.
BAC libraries can also be screened by filter hybridization Shimizu 1998, Foster et al. 2001) . Nylon filters can be spotted with as many as 18,432 independent clones. These high-density filters can be hybridized using either radioactive or nonradioactive probes. We used filter hybridization to identify BACs containing some EST markers in the sex-determining region.
Shotgun Sequencing
Once a clone containing a particular marker was identified, we used the database of restriction fingerprints to identify overlapping clones. After confirming the marker content of the clones in this contig, one or more clones were selected for shotgun sequencing.
Initially a small sample of 100-200 sequences from each BAC were used to identify the synteny between the BAC clone and the sequence of a reference genome. Each BAC clone was sheared to small fragments and cloned into pGEM-T vector. Inserts were amplified by PCR using the universal primer T7 or M13R. PCR products were purified and cycle sequenced. Sequences were analyzed on an ABI 377 automated DNA sequencer.
With the introduction of new sequencing techniques, it is now feasible to completely sequence each BAC. We contracted with 454 Life Sciences (Branford, CT) to completely sequence a BAC from each of the three contigs in the sex-determining region. We identified many genes and developed several new markers from the sequence of these BAC clones.
Identification of Sequence Similarities
Sequences from shotgun libraries were analyzed to identify homologous regions of sex determination between tilapia and other fish species. We used the Basic Local Alignment Search Tool (BLAST) algorithm to search the various databases of linkage maps and genome sequences for fish species.
Our first efforts at comparative mapping used the Fugu genome sequence. Shotgun sequences from the sex-determining region in tilapia found several homologous Fugu scaffolds. However, the largest of these scaffolds covered only 190 kilobase (kb), which is too short to generate predictions useful for chromosome walking.
Medaka is the biomedical model most closely related to tilapia. Genome resources for this species include an extensive genetic linkage map based on EST sequences, and a preliminary genome assembly. The linkage map provides useful information about conserved synteny at the largest spatial scales, but there is currently little overlap between the genes known from tilapia and the genes placed on the medaka linkage map. The preliminary medaka genome assembly provides useful information at the scale of sequence scaffolds (<8 Mbs).
The genome sequence of Tetraodon proved to be the most useful for our project, because the sequence contigs have been joined into chromosome-sized scaffolds. Our shotgun sequences identified a homologous region almost 2 Mb long on Tetraodon chromosome 5. This information provided a good starting point for fine mapping and chromosome walking in the sex-determining region of tilapia.
Reciprocal BLAST hits can provide good anchors for comparative maps, but raw BLAST results must be used with care. High sequence similarities among nonorthologous repetitive elements must be excluded from the analysis. Misleading BLAST results are also common. For example, the rod opsin gene, which was derived by reverse transcription from an early vertebrate green cone opsin gene, frequently gives a higher BLAST score than the true orthologue of a cone opsin EST simply because the sequence similarities form a longer continuous block.
The Major Sex-determining Region of the Nile Tilapia
Oreochromis niloticus has been mapped to LG1 . The sex-determining locus lies between markers GM201 and UNH995 with an interval of 11 cM. Because we had no additional markers in this interval, comparative information was needed to develop new markers.
Fine Mapping
We started by polymerase chain reaction (PCR) screening the BAC library pools for marker UNH995. We identified four positive BAC clones, and recovered the corresponding BAC contig from the fingerprint database. We found a reliable contig of 22 BAC clones (FPC tolerance ϭ 5, significance ϭ 1e Ϫ 07). A minimum tiling path of four clones across the contig was chosen for shotgun sequencing of 100-200 reads per
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clone. The shotgun sequences were searched using BLAST against the several fish genome databases. Several of the sequences matched annotated genes and identified homologous regions of other fish genomes. In particular, the BLAST results consistently hit a block of genes Tetraodon chromosome 5. The sequence of other microsatellite markers on tilapia linkage group 1 (UNH868, UNH213, and GM041) also hit tetraodon chr5. The sex-determining region of LG1 seems to be syntenic with the region of Tetraodon chr5 from 2.7 Mb to 4.8 Mb. The order of these markers in this region is consistent between the two species (Figure 19.2) .
We next sought to identify other gene sequences that might map to the same region and that might be used to develop additional genetic markers across the interval. We used BLAST to identify sequence similarities between cichlid ESTs and the corresponding region of Tetraodon chr5. A microsatellite marker (BJ702072) was developed from one of the ESTs, and SNPs were identified in seven others (BJ692919, BJ687805, BJ678620, AB004170, BJ675743, BJ690768, and BJ684727). These eight markers allowed us to further narrow the sex-determining region to 2.6 cM interval between markers BJ702072 and BJ675743 (Figure 19.3) . This region represents about 400 kb in the Tetraodon genome, and corresponds to about 1 Mb in the tilapia genome. Although we have four informative EST markers within this region, we have not yet identified any additional recombinants to narrow the interval. We are currently genotyping several thousand additional fish to find recombinants. As these new EST markers were mapped, we also used them to screen the BAC libraries to complete the physical map across the region. BAC clones containing these markers assembled into four separate contigs. We determined the orientation of three of these contigs on the Tetraodon sequence by determining the marker content of individual BAC clones (Figure 19.4) . One BAC from each of these three contigs was shotgun sequenced at 454 Life Sciences. These sequences confirmed the synteny between tilapia and Tetraodon in this region. The three remaining gaps in the physical map are being closed by chromosome walking in the BAC libraries. The complete gene content of this region of the tilapia will not be known until the physical map and sequencing are complete. Figure 19 .3. Fine mapping of cichlid ESTs in the sex-determining region of tilapia. Using BLAST analysis, some cichlid ESTs were collected by identifying sequence similarities between cichlid ESTs and the corresponding region of Tetraodon chr5. Eight of them were successfully mapped in the sex-determining region in tilapia. Markers started with BJ or AB present cichlid EST. Recombinants were found for BJ702072 and BJ675743, which narrow the sex-determining region to 2.6 cM. This region represents about 400 kb in Tetraodon genome, and corresponds to about 1 Mb in the tilapia genome.
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Conclusion
Many QTL for economically important traits are being identified in aquaculture species including tilapia. Positional cloning to identify the genes underlying these QTLs is still a very challenging exercise because high-density linkage maps or highly redundant physical maps are not yet available for most of these taxa. Conservation of gene order among fish at scales of several Mbs allows us to use the relatively complete sequences of model fish species to accelerate gene discovery and positional cloning of these genes. Comparative mapping has greatly accelerated our chromosome walks for the genes controlling both sex determination and red skin color in tilapia.
Creative bioinformatics approaches will allow us to take advantage of the genome sequences of Fugu, Tetraodon, and Danio to predict the sequence of genes in important aquaculture species such as catfish, rainbow trout, and tilapia. We anticipate that these informatic tools will enable a strategy that will allow the development of a comprehensive set of genetic, physical, and comparative maps for a new species for less than $1 million, thereby extending the number of fish taxa that can be studied with genomic methodologies. Figure 19 .4. BAC-based physical mapping across the sex-determining region in tilapia. BAC libraries were screened using new EST markers. BAC clones containing these markers assembled into four separate contigs. The marker content of individual BAC clones determined the orientation of three contigs from left. The top clones of the three contigs were shotgun sequenced using the 454 sequencing technology. The three remaining gaps in the physical map can be closed by chromosome walking in the BAC libraries.
